We propose new isoreticular metal-organic framework ͑IRMOF͒ materials to increase the hydrogen storage capacity at room temperature. Based on the potential-energy surface of hydrogen molecules on IRMOF linkers and the interaction energy between hydrogen molecules, we estimate the saturation value of hydrogen sorption capacity at room temperature. We discuss design criteria and propose new IRMOF materials that have high gravimetric and volumetric hydrogen storage densities. These new IRMOF materials may have gravimetric storage density up to 6.5 wt % and volumetric storage density up to 40 kg H 2 /m 3 at room temperature.
I. INTRODUCTION
Hydrogen may be used as an energy carrier for fuel cell vehicles in the future. The development of onboard hydrogen storage in a safe, light, and cheap manner is underway. The US Department of Energy ͑DOE͒ has set targets of 4.5 wt % gravimetric hydrogen density and 36 kg H 2 /m 3 volumetric hydrogen density for onboard use by 2007. 1 Recently developed metal-organic framework ͑MOF͒ materials are promising for their use in hydrogen storage if the storage properties are improved. [2] [3] [4] [5] [6] [7] [8] [9] Yaghi and co-workers have developed the series of isoreticular ͑IR͒ MOF materials which consist of zinc oxide clusters connected by organic linker molecules. [2] [3] [4] [5] 10, 11 These materials have nanoscale pores and large surface area, providing many hydrogen molecule binding sites. Several IRMOF materials have been tested for hydrogen storage at low temperatures ͑below 78 K͒, and the experiments and the theoretical calculations identified the hydrogen binding sites. 4, [12] [13] [14] However, few results have been published for hydrogen storage by these materials at room temperature. 4, 7 There is a need to design new materials for high hydrogen storage capacity at room temperature for fuel cell cars. In this study, we sample the potential-energy surface for H 2 on IRMOF-1 and investigate the interaction between hydrogen molecules. Based on these results, we estimate the saturation values of hydrogen sorption capacities at room temperature and reasonable pressure. We propose several new IRMOF materials that have high gravimetric and volumetric densities that meet the DOE targets for hydrogen storage at room temperature.
II. COMPUTATIONAL METHOD
Second order Møller-Plesset perturbation theory ͑MP2͒ calculations with the resolution of identity approximation ͑RI-MP2͒ were performed using the TURBOMOLE program. 15 Exact MP2 and coupled-cluster singles and doubles and noniterative triples ͓CCSD͑T͔͒ calculations were performed using the GAUSSIAN 03 program. 16 For multiple hydrogen binding-energy calculation, geometries were optimized using RI-MP2 method and the TZVPP basis set, and then single point energies were calculated using the QZVPP basis set. The CCSD͑T͒ binding energies were estimated and corrected for the charge-transfer effect. As described previously, 17 we multiplied the RI-MP2/QZVPP binding energies by 0.77 to obtain the estimated CCSD͑T͒ binding energy with the charge-transfer correction. For potential-energy-surface calculation, the MP2/TZVPP energies were multiplied by 0.76 to estimate the CCSD͑T͒/QZVPP energies with the chargetransfer correction. The calculations were carried out at the Minnesota Supercomputing Institute at the University of Minnesota.
III. RESULTS AND DISCUSSION

A. Potential-energy surface of H 2 molecule on the IRMOF-1 linker
In order to calculate the hydrogen sorption values of IRMOF materials over a wide range of temperatures and pressures, one must perform the grand canonical Monte Carlo ͑GCMC͒ simulations. The GCMC calculations with the traditional force fields are limited by the poor quality of potential-energy surface. 12 Therefore, there is a need for more accurate potential-energy surface calculations. In this study, we performed a potential-energy-surface scan for H 2 on IRMOF-1 linker using a lithium-terminated benzenedicarboxylate molecule ͑BDCLi 2 ͒ with MP2 and the TZVPP basis 18-21 Previously, we calculated the correction factor for H 2 bound to an isolated benzene molecules and applied it for H 2 above the aromatic ring of IRMOF linkers. 17 For simplicity, we use the same correction factor for the entire linker, even though one might expect smaller correction factor above the oxygen atoms due to the contribution of electrostatic interactions.
We define the coordinate axis as shown in Fig. 1 . The linker molecule is in the x-y plane, and the origin is at the center of the molecule. Figure 2 shows the interaction energy as a function of z where H 2 is on the center of the linker. The hydrogen molecule is perpendicular to the linker plane ͑aligned along z axis͒. There is a global minimum at z = 0.304 nm. We call this binding site as the C 6 site. The binding energy is 4.16 kJ/ mol.
We next performed the potential-energy-surface scan for H 2 over the linker. The distance from the linker to the H 2 was kept constant at z = 0.304 nm. In Fig. 3 , we show the potential-energy surface for three hydrogen orientations; H 2 aligned along the x, y, and z axes. For each orientation of the H 2 , the minimum of the interaction energy is at the center of the aromatic ring. Compared to the other two orientations, there is a broad high-binding-energy site around the C 6 site for the H 2 aligned along the z axis. In our previous GCMC simulations on the IRMOF-1 at room temperature, the hydrogen binding on this area made significant contributions to the storage capacity. 12 We also find two local minima for H 2 , above oxygen atoms and above the carbon on the carboxylate group. Figure  4 shows the two optimized structures of H 2 on the linker. The binding energies are 3.36 and 2.77 kJ/ mol, respectively. These are 81% and 67% of the binding energy of the C 6 site.
These potential-energy surfaces can be used in the grand canonical Monte Carlo simulations to calculate the sorption values at various temperature and pressure. The results could then be compared to the experimental results.
B. H 2 -H 2 interaction
It is important to know how close the two hydrogen molecules can pack on the surface in order to estimate the number of H 2 molecules that large linkers can hold. In Fig. 5 , we show the calculated interaction energy as a function of distance apart for two H 2 molecules in parallel configuration using RI-MP2 with the SVP, TZVPP, and QZVPP basis sets, and both MP2 and CCSD͑T͒ with the aug-cc-pV5Z basis. Diep and Johnson pointed out that the MP2 results with smaller basis sets tend to overestimate the repulsive force compared to the more accurate CCSD͑T͒ method. 22, 23 The geometry optimization with the RIMP2/TZVPP method will overestimate the hydrogen intermolecular distance on the IR-MOF linkers. These results will be used in Sec. III D to estimate the saturation coverage in the IRMOF materials.
C. Multiple H 2 binding on the IRMOF linkers
We calculated the multiple hydrogen binding energies on one side of the linker molecules although we note the H 2 can be bound on both sides of the linkers. In Fig. 6 we show the optimized structures for H 2 on IRMOF-12, IRMOF-14, and IRMOF-993. We show the total binding energy and average binding energy per H 2 in Table I . The IRMOF-12 linker can bind two to three hydrogen molecules, the IRMOF-993 linkers can bind three hydrogen molecules, and IRMOF-14 linker can bind four hydrogen molecules per side.
The IRMOF-12 linker can bind two H 2 molecules on the side aromatic rings and one on the above of the center carbon atoms. The first H 2 molecule is bound at a C 6 Thus, counting both sides, we find that these linker molecules can bind roughly two H 2 molecules per aromatic ring. At high pressure and room temperature, the saturation number of the bound H 2 molecules per side of small linkers will be same as the number of the aromatic rings in the linker molecules.
D. Designing new IRMOF materials for high hydrogen storage capacity at room temperature
We propose a method to estimate the saturation values of sorption capacities at room temperature and reasonable pres- sure. This will help us to design new IRMOF materials that have high hydrogen sorption capacities in advance of synthesis or GCMC simulation. We consider the potential-energy surface of H 2 on the IRMOF linkers and the interaction between H 2 molecules. In the previous section, we found that multiple hydrogen molecules can be located on a single side of the linker molecules. The average distance between the adjacent hydrogen molecules on the linkers is 0.32 nm at RIMP2/TZVPP level, where the H 2 -H 2 interaction energy is 0.28 kJ/ mol. Taking into account the overestimation of the repulsive interaction at this level of theory, we expect that the actual distance between hydrogen molecules on the linkers will be somewhat smaller than produced by the RI-MP2/TZVPP theory. At the CCSD͑T͒/aug-cc-p5Z level of theory, the intermolecular distance is 0.30 nm for the interaction energy of 0.28 kJ/ mol. We, therefore, choose 0.30 nm as the closest distance between two H 2 on the IRMOF linkers.
We estimate the maximum number of H 2 molecules that can be bound to one side of the linkers at room temperature and reasonable pressure. We locate hydrogen molecules inside the edge of the aromatic ring and at least 0.30 nm away from each other. We count the number of hydrogen molecules on both sides of the linkers and estimated the volumetric and gravimetric sorption capacities of existing and new IRMOF materials ͑see Table II͒ . We ignore the sorption at corner binding sites because our preliminary GCMC simulations on IRMOF-1 suggest that they are less important at room temperature. 12 Although we have considered only one configuration, one can obtain the sorption capacities more accurately using GCMC or molecular-dynamics simulations that calculate the average of many possible configurations. Our purpose is to estimate the saturation values at room temperature and pressure around 50-100 atm in which saturation is desirable for application in fuel cell car. To this end, we only count strongly bound H 2 molecule configurations. At sufficient pressure, hydrogen molecules occupy all of the binding sites available on the linkers. For IRMOF-1, the BDC linker has one aromatic ring. If we assume that one linker molecule can hold two H 2 molecules ͑one H 2 on each side͒, then the estimated saturation value for IRMOF-1 crystal is 1.5 wt %. This is close to the experimental value of Pan et al. ͑1.65 wt % ͒ at room temperature and 48 atm, 7 i.e., saturation appears to be roughly achieved under these conditions. We expect that saturation will be achieved for other materials around this pressure.
Increasing gravimetric density
For IRMOF-1, the BDC linker has one aromatic ring. If we assume that one linker molecule can hold two H 2 molecules ͑one H 2 on each side͒, then the estimated saturation value for IRMOF-1 crystal is 1.5 wt %. This is close to the experimental value of Pan et al. ͑1.65 wt % ͒ at room temperature and 48 atm. 7 For IRMOF-3 and IRMOF-6, there are two binding sites per linker, and the saturation values are 1.5 and 1.4 wt %, respectively. The unsaturated experimental result for IRMOF-6 at room temperature and 10 atm is 1.0 wt %. 4 As the number of the aromatic rings in the linkers increases, the number of binding sites increases. This can result in an improvement in the gravimetric sorption capacity. The IRMOF-8 linker can bind four H 2 molecules. The sorption capacity will be 2.6 wt %. The experimental result was 2.0 wt % at room temperature and 10 atm. 4 The IRMOF-12 linker can bind four H 2 molecules for a gravimetric density of 2.1 wt %. The IRMOF-993 linker can bind six molecules, leading to 3.3 wt %. Among the existing IRMOF materials, IRMOF-14 will have the best saturation value, 4.1 wt %.
We propose new IRMOF linkers as shown in Fig 7. We used the three-dimensional visualization capability of the CERIUS 2 program 24 to verify that the linkers fit in the space. Some examples of the three-dimensional structures are shown in Fig. 8 . We used the CHIMERA program 25 to make these figures. Compared to IRMOF-M3, IRMOF-M4 has wider linker molecules. This increases the number of the binding sites but makes the pore size smaller and the diffusion of H 2 in the crystal slower.
IRMOF-M1 with tetra-amino benzenedicarboxylate linkers has the saturation values of 1.3 wt % gravimetric density and 9 kg H 2 /m 3 volumetric density. This has very high binding energy, 5.55 kJ/ mol. 17 IRMOF-M2 has chrysenedicarboxylate linker molecules which have four aromatic rings and can bind eight hydrogen molecules. We estimate the possible gravimetric and volumetric densities to be 3.8 wt % and 23 kg H 2 /m 3 , respectively. IRMOF-M3 and -M4 have the linkers of anthanthrenedicarboxylate and dibenzoanthanthrenedicarboxylate. We can locate 12 hydrogen molecules on these linkers ͑Fig. S1, sample packing͒. 26 The saturation values are 5.0 and 4.4 wt %, respectively. IRMOF-M5, -M6, and -M7 have coronenedicarboxylate, ovalenedicarboxylate, and tribenzoovalenedicarboxylate linkers, respectively. These linkers can bind 14, 20, and 22 H 2 molecules, leading to the saturation values of 5.6, 6.5, and 6.2 wt %, respectively.
To optimize the gravimetric storage density, one wants to minimize the mass required for each bound H 2 molecules. We count the number of carbon atoms needed to bind one hydrogen molecule. For IRMOF-3 and IRMOF-M1, we also count nitrogen atoms as carbon. For IRMOF-1, there are two bound H 2 molecules and six carbon atoms on the linker except for carboxylate groups. Then, the number of the carbon atoms per bound H 2 molecules is 3.0. The numbers for the IRMOF materials discussed here are shown in Table II . As one increase the size of the linker, each carbon atom tends to be shared for multiple binding sites. As a result, larger linkers have fewer carbon atoms per binding site, and therefore improved the gravimetric storage capacity. As the size of the linker increases, the relative contribution of H 2 binding on zinc oxide corners becomes less important.
Increasing volumetric density
There are two ways to increase the saturation volumetric density of hydrogen in IRMOF materials: ͑1͒ use wide linkers so the linkers can fill in the empty pore space or ͑2͒ use interpenetrating ͑catenated͒ structures. The IRMOF-993 linker has two extra aromatic rings on the sides of the IRMOF-1 linkers. This three-ring wide linker can hold three hydrogen molecules per side. This increases the volumetric density by a factor of 3 compared to IRMOF-1. We estimate the saturation capacity to be 28 kg H 2 /m 3 . Compared to IMOF-8, the linkers of IRMOF-M2, IRMOF-M3, and IRMOF-M4 have extra two, four, and six aromatic rings, respectively, within the same volume. In saturation, IRMOF-M2, IRMOF-M3, IRMOF-M4 can bind roughly 8, 12, and 12 hydrogen molecules, respectively. These lead to the estimated saturation volumetric sorption capacities of 23, 35, and 35 kg H 2 /m 3 , respectively. Longer and wider linkers can be used. The linkers of IRMOF-M5, -M6, and -M7 are coronenedicarboxylate, ovalenedicarboxylate, and tribenzo-ovalenedicarboxylate, respectively. We estimate the saturation numbers of the hydrogen per side of these linker to be 14, 20, and 22, leading to saturation volumetric densities of 26, 39, and 40 kg H 2 /m 3 , respectively.
Interpenetrating structures such as IRMOF-11 and IRMOF-13 ͑Ref. 4͒ will also have higher volumetric density. The saturation volumetric densities are 16 and 32 kg H 2 /m 3 , respectively.
E. Graphene
We can estimate the saturation coverage for an isolated graphene sheet covered on both sides with the H 2 molecules with the spacing of 0.3 nm. At room temperature and sufficient pressure, the estimated saturation coverage will be 64% since the spacing between aromatic rings is 0.24 nm. This leads to a remarkable 9.2 wt % gravimetric storage density.
We can also estimate the volumetric density for a stack of graphene sheets. We choose a 0.9 nm separation between sheets so that hydrogen layers are 0.3 nm apart. The estimated saturation value of volumetric densities is 92 kg H 2 /m 3 . This provides an upper limit for the volumetric storage capacity of graphene-based materials. We can also consider the sandwich structure with one H 2 layer between graphene sheets 0.6 nm apart. This leads to doubling binding energy; gravimetric and volumetric storage densities are reduced to 4.9 wt % and 70 kg H 2 /m 3 .
IV. SUMMARY
We have sampled the potential-energy surface for H 2 on the IRMOF-1 linker. This result can be used to calculate the sorption values at various temperatures and pressures using the grand canonical Monte Carlo simulations. The interaction between hydrogen molecules is studied. In saturation at room temperature, the distance between H 2 is 0.30 nm on the IR-MOF linkers. Based on this distance and the potential-energy surface, we estimate the saturation values for the gravimetric and volumetric hydrogen densities at room temperature and high pressure. We propose new IRMOF material with high hydrogen storage capacity at room temperature. The estimated saturation gravimetric and volumetric densities of IR-MOF materials can be up to 6.5 wt % and 40 kg H 2 /m 3 , respectively. This suggests that these materials should be useful for hydrogen storage in fuel cell cars. We look forward to seeing the experimental tests of these materials.
